Rabies typically presents as an acute, progressive and incurable viral encephalitis, and the reemergence of the disease has been responsible for thousands of deaths in humans. With its wide distribution, its impact on public health and its broad economic implications, rabies can be considered the most important viral zoonosis known 1, 2 . The focus of rabies virus research by biologists, agricultural and biomedical scientists and the pharmaceutical industry has been based primarily on the acquisition and maintenance of biological samples. Currently, recognition of the importance of microorganisms in human development has led to improved techniques for the conservation of diverse microbiological specimens 3, 4 . However, few studies have investigated the preservation of rabies virus samples.
Because cooling signifi cantly delays the deterioration of perishable goods, the use of low temperatures favors the storage of living organisms in a state of suspended animation for long periods. Therefore, cryopreservation is one of the most widely used techniques for the conservation of microbial biodiversity 4, 5 . Cryopreservation involves the storage of material at low (between -20ºC and -80ºC in freezers) and ultra-low temperatures (-150 ºC in liquid nitrogen), allowing the preservation of a variety of cellular types or organisms 4, 6 . Cryopreservation methods can be divided according to the maximum preservation time as follows: mediumterm (at -20°C) and long-term (at -80°C or in liquid nitrogen) 7 . However, the cryopreservation process can also have deleterious effects on biological materials, especially cell membranes, resulting in a phenomenon termed cryoinjury 8, 9 . Cryoinjury is a lethal event linked to the formation of intracellular ice, water-fl ow out of the cell (dehydration) and increased intracellular concentrations of solutes 8 . The primary purpose of protective substances, known as cryoprotective agents, is to prevent crystallization through decreased water activity. Cryoprotective agents are frequently included in cryopreservation systems to reduce or even prevent the damage that results from freezing biological materials 9 . These cryoprotective additives provide extracellular protection (non-penetrating agents, such as polyethylene glycol and sucrose) or intracellular protection (penetrating agents, such as dimethyl sulfoxide and glycerol) 10 .
Biological differences create different responses to freezing systems and different cryoprotectants; therefore, there is a need to adjust or even restructure the preservation criteria according to the material under investigation 5 .
METHODS
There are numerous procedures for maintaining viral stocks that depend largely on the particular properties of each individual virus. In a study by Costa and colleagues 11 , different cryopreservation protocols were investigated for rabies virus samples stored for short periods at -20ºC. The study demonstrated that after freezing for 30 days, the fl uorescence intensity of the cryopreserved rabies virus particles was lower than that of the fresh samples. However, the use of sucrose as a cryoprotectant had a preservative effect in the short-term. There is no single, optimal or universal formula to assess the effi ciency of medium-and long-term storage and preservation of the rabies virus. Therefore, in this study, the medium-term cryopreservation of rabies virus samples using different cryopreservation protocols was investigated.
Experimental animals
Swiss albino mice (Mus musculus), aged 3 to 4 weeks and weaned, were obtained from a conventional colony maintained at the Central Vivarium (Biotério Central, BIOCEN) at the Ceará Federal University (Universidade Federal do Ceará, UFC) in Brazil.
Viral samples
The fi xed rabies strain, Challenge Virus Standard (CVS 31.2), was used in the experiments, and it was maintained through passaging in mouse brains and stored in a lyophilized state.
Cryoprotective agents
Four cryoprotective agents that are most commonly used in freezing protocols for microorganisms were investigated. In the literature, the concentrations of the cryoprotective agents vary: dimethyl sulfoxide (DMSO) is used from 1% to 32%, glycerol (GLY) is used from 2% to 55%, polyethylene glycol (PEG) 6,000 is used from 5% to 45%, and sucrose (SUC) is used from 1% to 68% 8 . The median and maximum concentrations of cryoprotective agents used in this study, respectively, were as follows: 10% and 32% DMSO, 10% and 55% GLY, 10% and 45% PEG and 10% and 68% SUC.
The cryoprotectants were diluted in phosphate-buffered saline (PBS, pH 7.2) (Laborclin®, Campo Novo do Parecis, State of Mato Grosso, Brazil) and sterilized by fi ltration through a syringe fi lter containing a 0.22-μm pore size polyethersulfone membrane (Millipore®, Fisher Scientifi c, USA).
Cryopreservation protocols
The following procedure, developed by Costa and colleagues 11 , was used.
An intracerebral (IC) inoculation of Swiss albino mice (aged 3 to 4 weeks) was performed using 0.03mL of the viral strain CVS 31.2 (10% suspension). The animals exhibiting symptoms typical of rabies were euthanized in an agonal state, starting on the fi fth day post-inoculation. The central nervous system (CNS) samples were collected immediately after euthanasia, and the brain tissue samples and 10% suspensions of the brain tissue samples were used in the experiments.
In total, 350 brains from mice infected with CVS 31.2 were used. To minimize the variability of the individual samples, the brain material was collected, combined and homogenized to form a composite (pooled) sample.
The pooled brain sample infected with the rabies virus was divided into 0.5-g aliquots. The experimental protocol consisted of 8 samples, representing 2 concentrations for each of the 4 cryoprotectants, as well as the positive and negative controls. For the positive controls, 1 sample was not exposed to any cryoprotectants (pure positive control-Challenge Virus Standard, PC-CVS), and a second sample was subjected to freezing in PBS at pH 7.2 (positive control-phosphate buffered saline (PBS), PC-PBS). The negative control (NC) consisted of pooled brain tissue samples from mice IC inoculated with 0.03mL of PBS (pH 7.2).
The cryopreservation protocols were performed at -20°C and were divided according to time and the different cryoprotectants used. The laboratory tests (viral titration, direct immunofl uorescence and biological tests) were performed at regular intervals (360 and 720 days) to assess the performance of the rabies virus samples preserved using the different techniques, as described by Costa and colleagues 11 .
Freezing and thawing process
The aliquots containing the brain samples infected with the rabies virus were equilibrated in 10% and 32% DMSO, 10% and 55% GLY, 10% and 45% PEG, 10% and 68% SUC or PBS for 20min at 20°C. After the equilibration period, the samples were transferred to a -20°C freezer and maintained in accordance with the experimental schedule.
The thawing process entailed exposing the samples to room temperature for 1 minute, followed by incubation in a water bath at 37ºC until thawed. Immediately after thawing, the samples were removed from the water bath and maintained at 4ºC for a short period until use.
The cryoprotectant must be removed immediately after thawing. Therefore, the aliquots stored in the cryoprotective agents were subjected to 2 consecutive washes, averaging 5 minutes per wash, in PBS (pH 7.2) at room temperature as follows: the suspensions containing the viral samples were diluted in 2mL of PBS, equilibrated for 5min at room temperature and centrifuged at 150-200G for 5min; then, the supernatants were discarded. The process was repeated a second time, and the pellet was resuspended in viral diluent and transferred to a sterile microcentrifuge tube for the viability tests.
Viral titration
The viral titration was based on 10-fold serial dilutions in viral diluent (PBS) using a 10% (w/v) initial suspension of the mouse brain sample as the starting point 12 . Each viral dilution, with a volume of 0.03mL, was IC inoculated into litters consisting of 6 weaned mice (aged 3 weeks). The dilutions ranged from 10 -1 to 10 -6 . This viral titration was also performed with the control PC-CVS samples.
RESULTS
The inoculated mice were monitored for symptoms of rabies daily for 21 days, and the mortality rate was assessed. Starting on the fi fth day post-inoculation, dead animals exhibiting pathognomonic neurological signs of the disease were considered positive for rabies. At the end of the observation period, the viral titers were calculated in accordance with the method described by Reed and Müench 13 and the method developed by Kuehne 14 . The titers were expressed as log DL 50 /0.03mL/IC (50% lethal dose using 0.03mL via IC administration in mice).
Direct immunofl uorescence assay
For the direct immunofl uorescence (DIF) assay, the slides were prepared in accordance with the guidelines recommended by Dean and colleagues 15 , and modifi cations to the incubation period for the conjugate (as proposed by Roehe and colleagues 16 ) were used to obtain improved fl uorescence.
Smears of the infected brain cross-sections were prepared by pressing the cross-sections onto slides suitable for immunofl uorescence and fi xing the samples in acetone for 30min in a freezer at -20ºC. The slides were dried at room temperature and then stored at -20°C until use.
For the direct immunofl uorescence assay, the slides were placed at room temperature for 5min and then incubated with 30µL of fluorescein isothiocyanate-conjugated anti-rabies antibody for 2 hours at 37ºC in a wet chamber. Next, the slides were washed in PBS (pH 8.5) and rinsed in distilled water. The slides were then mounted in 90% glycerol in PBS (pH 8.5), covered with a cover slip and used for the readout.
The readout was performed using a Zeiss immunofl uorescence binocular microscope equipped with an HBO (Mercury Vapour Short-Arc) 50 mercury vapor lamp, a VGI (Interferential Filter Green) exciter filter and a Zeiss 43 barrier filter at 400X magnifi cation in dark-fi eld. The fl uorescence intensity observed in the smear was evaluated based on a subjective scale of intensity ranging from 0 to 4, in accordance with the method described by Bingham and Merwe 17 . The following classifi cations were used to rate the fl uorescence: (-), absence of antigens on the smear; (+), very few antigens, 1 or more particles in less than 50% of the microscopic fi elds of view; (++), few antigens, 1 or more particles in less than 100% but more than 50% of the microscopic fi elds of view; (+++), abundant antigens, 1 or more particles in each microscopic fi eld of view, with the number of particles per microscopic fi eld being countable; and (++++), very abundant antigens in all fi elds of view, with the number of particles per fi eld of view being uncountable.
Each smear was examined independently by 2 individuals and classifi ed using a double-blind system. If the examiners disagreed on the classifi cation, the respective cases were reexamined to reach a consensus.
Intracerebral inoculation test in mice
The test suspension in a volume of 0.03mL (30μl) was IC inoculated using insulin syringes (Becton Dickinson (BD) ultrafi ne IITM, short needle, 31 gauge, 8mm [5/16"] for 30 units or less). Groups of 6 weaned Swiss albino mice (aged between 3 and 4 weeks) were used per sample for the mouse IC inoculation test and the biological tests.
The mice were monitored daily for up to 21 days after the inoculation. The negative controls were inoculated with PBS (pH 7.2). The inoculated mice were maintained in cages in the quarantine area of the Virology Laboratory at the State of Ceará University (Laboratório de Virologia da Universidade Estadual do Ceará, Brazil) during the entire observation period. The animals were maintained at an average temperature of 20ºC under a 12-hour light-dark cycle and were supplied with water and feed ad libitum.
Clinical signs were identifi ed and reported using a system of numerical codes as follows: 1, reduced water and food intake; 2, apathy and goose bumps; 3, incoordination; 4, tremors and/or episodes of tetany; 5, paralysis; and 6, prostration (agonal state preceding animal death) (adapted from Koprowski 12 ).
The biological test was performed on all samples of the mouse brain tissue subjected to the cryopreservation protocols (DMSO, GLY, SUC and PEG) and the positive and negative controls at the predetermined time intervals.
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This Ethics Committee on Animal Use at the Ceará State University (Comissão de Ética para o Uso de Animais da Universidade Estadual do Ceará, CEUA/UECE, Brazil) approved this study (protocol number 08185881-7).
The viral titers were decreased in the PC-CVS sample subjected to the medium-term cryopreservation procedure at -20ºC. After cryopreservation for 1 year (360 days; T 360 ), the viral titer of the sample pool was reduced from 4.69 to 1.50 Log 10 50% LD 50 compared with the sample preserved for 30 days (T 30 ). The sample preserved for 2 years (720 days; T 720 ) demonstrated no titer.
The results of the viability tests for the rabies virus samples after medium-term cryopreservation (up to 2 years, T 360 and T 720 ), based on the use of internal and external cryoprotective agents, are shown in Table 1 . At T 360 , signifi cant differences were observed in the fl uorescence intensity of the rabies virus intracellular corpuscles among the PC-CVS, PBS-PC and cryoprotectant treatments. The sample exposed to 68% SUC demonstrated the maximum degree of fl uorescence intensity (++++) (Figure 1A) , followed by the PC-CVS, 10% GLY and 55% GLY samples (fl uorescence intensities of +++) and the sample exposed to 10% SUC (fl uorescence intensity of ++). The samples exposed to 10% DMSO and 32% DMSO demonstrated a minimum degree of fl uorescence intensity (+). In contrast, the samples exposed to 10% PEG and 45% PEG did not demonstrate fl uorescence and were designated negative for the presence of viable virus. Table 1 also shows that according to the viability test, biological tests and direct immunofl uorescence, the viability of the rabies virus was compromised after 2 years (T 720 ) of cryopreservation at -20ºC. There was a signifi cant decrease in fl uorescence at T 720 for all the cryopreservation protocols; the 
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majority of the samples were negative, including the positive controls. However, the sample exposed to 68% SUC continued to exhibit fl uorescent intracellular corpuscles at a ++ degree of intensity ( Figure 1B) . Throughout the experiment, the samples of normal mouse brain (NC) demonstrated negative results, as expected.
DISCUSSION
The viral titer measurements provided key data on viral viability before and after the cryopreservation of the rabies virus samples for up to 2 years. After 1 year of cold preservation, the titer of the pooled sample demonstrated a decrease compared with the sample preserved for 30 days, and the virus was undetectable after 2 years of cryopreservation. These data are consistent with those from a report by Costa and colleagues 11 , in which the viability of rabies virus samples was compromised after freezing/thawing in the absence of cryoprotective agents. Furthermore, according to Costa and colleagues 11 , periodic titration is a crucial step for the evaluation of cryopreserved viral samples.
Most rabies diagnostic laboratories frequently receive suspicious materials, and the materials are often maintained under inadequate preservation conditions. However, according to Kissling 18 , diagnosis is still possible. Indeed, Winkler and Adams 19 reported that the direct immunofluorescence assay demonstrated the presence of rabies antigens even in decomposed materials. However, the data in our study failed to corroborate the fi ndings of these previous reports. Indeed, the direct immunofl uorescence assay demonstrated a signifi cant decrease in the titer of the rabies virus samples preserved in the absence of cryoprotectant at -20ºC for 1 year, and the samples were negative after preservation for 2 years.
In this study, the viral viability of cryopreserved rabies virus samples (with or without cryoprotectant) was compromised signifi cantly by freezing at -20ºC for up to 2 years, as assessed by the direct immunofl uorescence assay and the IC inoculation of mice. These data are consistent with the fi ndings of Costa and colleagues 11 , demonstrating that the fl uorescence intensity of rabies virus particles in samples subjected to short-term cryopreservation (30 days) at -20ºC was lower than that of fresh samples. These observations likely refl ect mechanical damage caused by the formation of ice crystals during freezing at this temperature. A study performed by Olson and colleagues 20 demonstrated increased viral loss at -20ºC, emphasizing that viral samples should not be stored at -20ºC because of ice crystal formation and the consequent possibility of damage to the viral structure.
Furthermore, according to Greene and Rupprecht 21 , the storage of rabies virus samples in domestic freezers at a minimum temperature of -20ºC with repeated freeze-thaw cycles causes damage to the tissues; this type of storage should be avoided because viral antigen degradation and loss of viability may affect the sensitivity of the diagnostic tests and preclude future viral detection. For the long-term maintenance of rabies virus samples used for epidemiology studies and other purposes, rabies-positive samples should be maintained at very low temperatures (-30 to -80ºC) to preserve the viral activity for several years (Mizuno and colleagues 22 ; Biswal and colleagues 23 ).
Regarding the intracerebral inoculation results, there was a signifi cant increase in the mean survival time of inoculated mice (14.3 to 21 days) that correlated with the cryopreservation time at -20ºC in both the presence and absence of a cryoprotective agent. According to Lopes and colleagues 24 and Costa and colleagues 11 , the increase in the mean animal survival time is due to a lower virulence of the viral sample caused by the storage period and/or preservation conditions, given that the mean survival time of mice inoculated with the rabies virus preserved in an appropriate manner varies from 7 to 10 days and the mean survival time for animals inoculated with the positive control (Challenge Virus Standard strain) ranges from 5 to 7 days.
In this study, sucrose at the maximum concentration of 68% exerted a signifi cant protective effect on rabies virus particles that were cryopreserved at -20ºC for 1 or 2 years. The rabies virus samples preserved in the sucrose cryoprotectant at this concentration demonstrated a maximum degree of fl uorescence intensity after 1 year of cold preservation, and they were the only samples that contained fl uorescent rabies virus antigens after 2 years of cryopreservation. These data are consistent with the fi ndings of Costa et al.
11
, in which the effi cacy of sucrose for the short-term cryopreservation of rabies virus was demonstrated. According to Crowe and colleagues 25 and Woelders and colleagues 26 , a number of sugars, including sucrose, prevent the damage caused by the cellular dehydration that occurs during the freezing process by stabilizing the lipid bilayer and promoting changes in the plasma membrane permeability and the lateral separation of components.
Furthermore, Chen and colleagues 27 suggested that the increase in sucrose concentration generates an osmotic gradient throughout the cellular membrane that draws water out of cells and causes the cells to become suffi ciently dehydrated before and during the freezing process, which has a protective effect on the viral particles.
In conclusions, medium-term cryopreservation of the rabies virus inactivates the viral samples; the viral sample titers were negative after 2 years of preservation. However, the cryoprotective agent sucrose, at a concentration of 68%, produces a preservative effect on the rabies virus, allowing the detection of intracellular fl uorescent corpuscles, even after 2 years of cryopreservation.
